Williams syndrome (WS) is a genetic disorder caused by a heterozygous contiguous gene deletion on chromosome 7q11.23. Clinical features of the disease include low IQ and deficit in some cognitive domains, and the presence of relatively strong abilities in social drive, face processing, language, and musical skills. The presence of a strong predisposition to the development of musicality in individuals affected by WS leads us to suppose that some genes deleted in this syndrome are somehow involved in the evolution of this ability, and that these genes could act in normal conditions as "suppressors of music ability". To test this hypothesis, we carried out an "in silico" analysis by using the Ingenuity Pathway Analysis (IPA) software to identify the interaction between genes mapped in the WS critical region and genes previously related to musical ability by literature data. This approach allowed us to identify 3 networks of interaction, involving AVPR1A, NCF1, UNC5C and LAT2 in the first network, STX1A and SLC6A4 in the second one and only WS related genes in the last one. Among these associations, the one involving STX1A and SLC6A4 suggested a possible mechanism of interaction was based on the influence played by STX1A deletion on the serotonin levels through a decrease of SLC6A4 activity.
Introduction
Music is one of the most mysterious aspects of human nature (Charles Darwin-The Origin of Species; 1859).
Music represents a universally diffused practice, endowed of ubiquity in time and culture. For this reason, it
Methods
The present study has been organized in three steps. In the first part of the study, we analyzed the functions played by genes mapped within the WS critical region in order to verify their possible roles in the development of musical competence. To this aim, we carried out a review of the most recent literature by means of Pubmed, using "William syndrome" "genes" "critical region" and "deletion" as key words.
In the second step of the study, we performed a search of literature data in order to identify other genes, outside the WS critical region, which have been previously suggested as involved in the development of musical ability. Also in this case a literature review was carried out by Pubmed, using "genes" and "music" as specific key words.
Finally, we carried out an "in silico" analysis in order to highlight the presence of functional correlation among genes mapped in the critical region for the WS and those evidenced in literature as involved in musical competences. For this part of the study, we used the Ingenuity Pathways Analysis (IPA) software, allowing classifying genes detected in the first two steps of the study on the basis of their biological functions and detecting the functional networks connecting genes among them.
Results

Genes Mapped within WS Critical Region
Literature data evidence that the following genes are removed by the deletion on 7q11.23: ELN, LIMK1, GTF2I, STX1A, BAZ1A, CYLN2, GTF2IRD1, NCF1, RFC2, FZD9, FKBP6, TBL2, BCL7B, CLDN4, EIF4H, LAT2, WBSCR11, STAG3L, PMS2L, GATS-L, WBSCR19, GTF2IRD2, POM121, NSUN5, TRIM50, FKBP6, FZD9, BAZ1B, BCL7B, TBL2, MLXIPL, VPS37D, DNAJC30, WBSCR22, WBSCR26, ABHD11, CLDN3 and CLDN4, EIF4H, LAT2, RFC2, CLIP2, WBSCR23.
Although no one of these genes has been so far suggested as a candidate for musical abilities, all these genes are expressed in the nervous system, and thus all of them have been considered in the present study as potentially involved in the regulation of other genes mapped outside the WS critical region and directly affecting the development of musical abilities.
Furthermore, some evidences have argued that a haploinsufficiency of the ELN gene may also be involved in the peripheral impairments mediating hyperacusis. Since the elastase enzyme destroys the stereocilia tip links [25] , a deficiency of this protein could lead to a desynchronized movement of the stereocilia, resulting in hearing loss and delayed cochlear nerve activation [26] . This would, in turn, adversely affect the acoustic reflex and lead to hyperacusis [27] .
Genes Connected with Musical Abilities
A few studies have been performed about genetic component in musical skills.
Considering the possibility that music was an innate ability, Pulli et al. [28] investigated biological basis of music perception, using statistical and molecular genetic approaches and behavioural tests, through 15 Finnish multigenerational families (in total 234 family members). Linkage analyses showed a significant evidence in 4q22 with an interesting candidate gene, namely UNC5C, Netrin receptor. UNC5C interacts with netrins in axon guidance and neuronal migration during central nervous system development. Netrins are essential for inner ear semicircular duct formation, suggesting a role in development of structural-musical ability. Furthermore, netrins appear some way related with ROBO1, candidate gene for dyslexia [29] , suggesting a possible common molecular background between musical and linguistic abilities.
One more candidate gene that appears to play a role in "structural-musical abilities" is TRPA1, a member of the transient receptor potential (TRP) family of ion channels, mainly expressed by cells of the inner ear [30] . This gene is located on chromosome 8q12 -8q13, very close to the region involved in AP.
Unlike UNC5C and TRPA1, related to physical and structural characteristics that "allow to listen the music", other two polymorphic genes have been directly associated to social aspects of musical abilities: the arginine vasopressin 1a receptor (AVPR1a) and the serotonin transporter (SLC6A4) related by literature to several social, emotional and behavioral traits, including musical abilities, musical aptitude and musical memories [31] [32] .
AVPR1a gene has been shown to affect many emotional and social traits. Microsatellite repeat regions (RS1 and RS3) located in the human AVPR1a gene promoter have been associated with autism spectrum disorders [33] - [35] , prepulse inhibition [36] , altruism in a dictator game [37] , pair bonding and aggression in males [38] [39], parenting [40] and love [41] .
SLC6A4 promoter region polymorphism (5-HTTLPR) is one of the most important genes in emotion regulation and social cognition. It contains a regulatory variation (Short Variant, S, and Long Variant, L) that have been associated with anxiety-related traits and susceptibility for depression [42] . Furthermore, the long 5-HTT-LPR allele has two variants (i.e., LA and LG). In the first of two extra 20 -23 bp repeats in the L allele, a common single nucleotide polymorphism occurs at the sixth nucleotide (adenine to guanine; A to G) [43] . The LG variant and the S allele appear to be very similar in terms of transcriptional activity; therefore, only the LA variant is high expressing with regard to transcriptional activity [44] .
AVPR1A and SLC6A4 have been directly correlated both to social cognition and musical abilities in different studies. Bachner-Melman et al. [31] , in their interesting research, have shown that the AVPR1a in association with the SLC6A4 seems to affect individual's aptitude, propensity, and need for dancing, which is integrally related to music. The authors had examined performing dancers, elite athletes, and nonathletes/nondancers observing significant differences in allele frequencies for both genes when dancers were compared to athletes as well as to nondancers/nonathletes. Furthermore, these two genes were also associated with scores on the Tellegen Absorption Scale (a questionnaire that correlates positively with spirituality and altered states of consciousness since spirituality personality facets important in the dance phenotype) and Reward Dependence (measure aspects of social communication) of Tridimensional Personality Questionnaire, suggesting that the association between these genes and dance is mediated by personality factors reflecting the social communication of the dancing phenotype [31] .
In order to investigate genetic contribution of musical abilities, Granot et al. [32] analyzed the relation between AVPR1a and SLC6A4 and music memory using a specific battery MBEA (Montreal Battery of Evaluation of Amusia) and genetic analyses for involved regions. Results showed that polymorphisms related to AVPR1a and SLC6A4 were associated with short term memory for music although they were not specific for music processing.
Moreover, Donaldson et al. [45] argued that association with the AVPR1A receptor gene that mediated the effects of highly conserved AVP suggested that listening to music was related to the pathways affecting attachment behaviour and social communication. In fact, several behavioural features in listening (perceiving) music are closely related to attachment: Lullabies are song to infants to increase their attachment to a parent, and singing or playing music together may add group cohesion [9] . Thus lullabies could be one example of important environmental factor that can interact with other factors (genetics, biological and socio-cultural) in order to develop some social features as attachment and/or musicality disposition or sensitivity.
Correlation between Deleted Genes in WS and Musical Genes
Results of the second step of our study evidenced four candidate genes for musical abilities: (UNC5C, TRP1A, AVPR1a and SLC6A4), all considered in the third step of our investigation, aimed to explore the presence of a relation between genes related to music by literature data and deleted genes in WS.
IPA Functional Analysis of Genes Related to Williams Syndrome and Musical Abilities Genes
After the identification of genes selectively involved to Williams syndrome and musical abilities, we employed Ingenuity Pathway Analysis (IPA) to further investigate key biological functions and networks linked to these genes. IPA analysis revealed that the main functions involved were: Cardiovascular Disease, Developmental Disorder, Endocrine System Disorders, Hereditary Disorder, Organismal Injury and Abnormalities, Renal and Urological Disease, Behavior showing a p-value ranging from 1.91E−08 to 4.45E−02 ( Table 1) . The identified functions are displayed as bar chart in Figure 1 . Among these, some genes enclosed within behavior class function are specifically related to the formation of neural circuits and could mediate WS musical abilities.
Networks Associated with Genes Related to Williams Syndrome and Musical Abilities Genes
We employed IPA to study how the selected genes were interacting in specific networks. IPA predicts functional networks based on known protein-protein and functional interactions. IPA infers and ranks networks by a score, expressed as a numerical value, which is a probabilistic fit between the amount of focus genes that are potentially eligible for a network composition and present on a given gene list, the size of the network, as well as all the molecules present in the Ingenuity Knowledge Base that can be part of such a network. IPA analysis of the selected genes generated 3 networks with a score of 27, 24 and 21.
In the first top network (Figure 2 , Table 2 ), we found ten WS related genes (ABHD11, CLIP2, EIF4H, LAT2, NSUN5, M121/POM121C, TBL2, TRIM50, VPS37D, WBSCR27) and two musical abilities genes (TRPA1, UNC5C). The analysis of this network evidenced an indirect relationship among Williams and music related genes (AVPR1A to NCF1 and UNC5C to LAT2) but, as mentioned, these were non significant for our purpose. The second network (Figure 3, Table 3 ) is composed by 9 Williams related genes (ELN, FZD9, GTF2I, GTF2IRD1, NCF1, PMS2, RFC2, STAG3, STX1A) and two musical abilities genes (SLC6A4, AVPR1A).
Interestingly, as depicted, we observed a direct correlation between STX1A and SLC6A4 (5-HTT), a Williams and music related genes, respectively. This direct correlation is supported by four Source Ingenuity Expert Findings [46] - [49] and can suggest a role of STX1A in development of musical abilities.
The third network includes only ten Williams related genes (BAZ1B, BCL7B, CLDN3, CLDN4, DNAJC30, FKBP6, GTF2IRD2, LIMK1, MLXIPL, WBSCR22) and no music related genes, and it doesn't reveal any interesting gene-gene relationship (Figure 4, Table 4 ).
Functional Correlation between STX1A and SLC6A4
SLC6A4, the serotonin transporter gene, is involved in the formation of neural circuits. Factors regulating the expression of serotonin transporter could have a role in cortical development. Syntaxin 1A (STX1A) can be one of these factors, being involved in synaptic transmission. Particularly, a physic interaction between SERT and STX1A could be responsible for modulation of serotonin reuptake. SERT function is reduced by the deletion of STX1A in WS, suggesting a different development of specific cognitive skills such as music abilities.
Discussion
Since 1990, technological development has largely modified our approach to biological and medical information. For instance, genome-wide association studies (GWASs) have revolutionized the field of human quantitative genetics and genome sequencing and gene expression data were used to identify gene modifications and modulations related to specific phenotypes. However, these experimental efforts to measure the functions of genes, especially those of unknown function, which are very challenging and very expensive in terms of time, effort, and money. Nowadays the use of appropriate hardware and software makes it possible to simulate static or dynamic, even complex, physiological or cellular processes to unravel the molecular pathways which are modulated by diverse set of genes in the hope of discovering information that would prompt future studies. Analysis in silico, made through computer programs, represents an important new research method that allows the examination of a large amount of data not possible in a different way, if not with great human and economical efforts. For this reason we used this method to verify the initial hypothesis of this work, especially using IPA software to verify the possibility that some deleted gene in Williams syndrome acted, in normal conditions, as suppressor of other genes that were able to influence the development of musical skills.
Many [52] , tooth anomalies and visuo-spatial deficit, associated to GTF2I, GTF2IRD1 and GTF2IRD2 genes [53] , as well as deficits in motor coordination, associated with CLIP2 gene [54] . Likewise, the function of the carbohydrate response element-binding protein (MLXIPL, a.k.a. ChREBP or WBSCR14) in the regulation of the expression of enzymes involved in glucose and lipid metabolism [55] [56] suggests that haploinsufficiency of this gene is associated with the higher relative body fat, silent diabetes and/or impaired glucose tolerance found in WS adult individuals [57] . The molecular substrates underlying the other clinical features of 7q11.23 CNVs, including the neurocognitive phenotypes, are still debated [58] . For this reason, it can be interesting to consider the observed direct correlation between STX1A and SLC6A4, the serotonin transporter gene. Neocortex receives serotoninergic innervations at the beginning of the development, suggesting an important role of serotonin in the formation of neural circuits [59] [60] .
Levels of serotonin during the development influence the neural morphology [61] and density of synaptic contacts [62] . Levels of serotonin are important also in modulation of synaptic plasticity [63] [64], neural activity [65] and neural maturation [66] . Experimental manipulation in serotonin levels during the first post-natal development can produce characteristic behavioural syndromes [67] [68] and long term cognitive damages [69] - [71] . Furthermore, changes in normal serotonergic signalling reveal a crucial role of serotonin system in the formation of sensitive maps of somatosensorial [72] [73] and visual [74] [75] systems. Then, SERT regulation in neocortex 5HT levels can have serious physiological, anatomical and behavioural effects. Reduction of STX1A results in decreased function and expression of SERT. Reduction of STX1A is related to a decrease of SERT function. STX1A acts like a positive regulator of synaptic signalling [48] .
Conclusions
Since in normal conditions, STX1A influence serotonin levels, the results of research suggest that the lack of STX1A could cause alterations of 5HT levels justifying a different development of specific cognitive skills.
Specific cognitive abilities are involved in listening, processing and producing music, so musicality can be considered as a particular form of cognitive profile.
For this reason, it cannot be excluded the involvement of serotonin not only in the development of basic cognitive abilities but also in musical abilities.
